Abstract: Investigation of the nature and properties of dynamic processes using different methods of processing of the measured signals may lead to erroneous interpretations and conclusions. One of the reasons for erroneous interpretations is applying only one analysis method. The use of two different methods allows reducing erroneous conclusions but does not eliminate them completely. Such erroneous conclusions concerning pressure oscillations during rotating stall in axial compressors are described when two conventional methods of information processing (auto-correlation functions and frequency characteristics) were used for analyzing processes with changing frequencies and amplitudes of oscillation. These methods have been used for the analysis of aerodynamic processes with little change in frequency (a process very close to the established). This led to an erroneous estimation of the characteristics of the investigated process, namely to the interpretation of a beating effect during established rotating stall. It is shown that the use of a third method-the method of spectrograms-may allow the correct interpretation of the process, showing the absence of beats and the existence of a small change of main frequency of the rotating stall during the process, interpreted as established process. At the same time, it is shown that in the initial transient stage of pressure oscillation prior to the establishment of the rotating stall, beating or processes close to it can be observed.
Introduction
Computer developments and the use of many sensors simultaneously have changed the processing and analysis of massive information flows when applied to research in various technical areas. Such a usage, along with significant positive effects (receiving of information about important features of complicated processes) includes the risk of erroneous interpretations and conclusions. The simultaneous usage of two different methods in order to eliminate similar dangers cannot be considered as a guarantee of freedom from erroneous interpretations and conclusions.
This paper describes an example of such a case where identical, however incorrect, results were received by two methods of analysis of oscillations during rotating stall in the compressor, having small changes in frequency. In this case, the oscillations were misinterpreted as beating. Only the use of a third method allowed correct interpretation of the process.
The specific phenomenon, named beating, can be described in its simplest form as the sum of two components of sinusoidal waves with equal amplitudes and frequencies of close but different values [ If the frequencies ω 1 and ω 2 are close enough to each other, the frequency of the cosine term in the right part in this expression (the smaller frequency in the product) is perceived as periodic change of amplitude of the sine wave in this expression (the larger frequency in the product). If amplitudes are not equal, the sum is more complicated; however a periodic change of amplitude of a sine term will also takes place. As appears from this formula, beats (one or more periods at frequency of 1 2 2 − ω ω ), can be dangerous as they may lead to periodic impacts with large (up to twice as much) amplitude at the system. The existence of beats in the system testifies to the existence of oscillations from two sources having close frequencies. Usually the physical reason for their mutual influences can be explained by the researcher. In compressors, unstable operational modes, having oscillatory characteristics are observed on the main rotating stall frequency pressure signals [2] [3] [4] [5] [6] [7] . Though various modern methods and sensors (for example the optical methods, such as laser anemometry, particle image velocimetry) are widely applied during studies of oscillatory processes in compressors, traditional measurements of pressure signals are still being successfully applied [8] [9] [10] [11] .
The signals from pressure sensors, during rotating stall indicated a phenomenon that is similar to beating. However, two main stall zones, rotating with frequency values close to each other, during the established stall process were noted for the first time. As we had no physical explanation for the phenomenon more profound studying of these processes was carried out.
Short Preliminery Information Concerning Object of Research
Experiments performed at the Technische Universität Braunschweig, Germany, were executed in two single-stage low-speed axial-flow compressors (type A and type B), both with 20 rotor blades and 23 stator blades. The two compressors were assembled with the same blades (blade type 7157) for stators and rotors, however with different installation angles of rotor blades relative to the compressor axis: compressor type A had an optimal angle of blade installation, and in compressor type B this angle is 20° larger (Fig. 1) . The height of blades is 60 mm. The non-dimensional measured characteristics "pressure rise coefficient versus flow coefficient" of compressors type A and type B for RRF 75 Hz are shown in Fig. 2 . This figure also shows the calculated characteristics for several angles of blade installation.
Miniature pressure transducers with high frequency response (Kulite XCS-062-5D) were inserted into the probe's head of 2 mm in diameter. The probes were mounted in a cross-section of the compressor stator perpendicular to the compressor's axis, as shown in Fig.  3 . The depths of the probes with respect to the stator casing are 2 mm and 5 mm.
The investigated compressor was fit into a closed flow loop with a fan upstream of the compressor (for controlling the air through the compressor) and a loading device downstream of the compressor (for achieving conditions for rotating stall). It is probable that coupling between the studied compressor and the fan, in certain cases, could lead to variations in the main rotating stall frequency during the process of rotating stall.
Compressor type A. Optimal blade angular orientation (type A) is seen at the left and compressor type B, with 20° larger blade angle is shown on the right. The arrows show the air direction between rotor blades.
Rotating stall has a specific feature: it appears in the pressure signals of the sensors mounted on the compressor stator in any cross-section which is perpendicular to the axis of the compressor (in Fig. 3 ), through the differences in the phases of the signals of these sensors. A typical example of pressure sensor signals, mounted in one cross-section of a typical compressor (Type A compressor) is shown in Fig. 4 . Signals from sensor 1 are shown twice at spacing that is proportional to 360 degrees. The differences of phases are a function of the differences between angles of installation of sensors. Usually it is believed that this function is linear. However, the comparison of the phases of RSF by different sensors through the inclined lines shown in Fig. 4 is approximate. Therefore it would be convenient to allocate the rotating stall from the frequency characteristics of pressure signals.
One of the effective ways of separating these components from the initial (raw) multi-frequency signals is the creation of correlation functions of the In the present work, all PSD (Power Spectral Density) characteristics consist of left and right parts: the characteristics in the range of the main RSF (rotating stall frequency), its harmonics and RRF (rotor rotation frequencies) are shown in the left part of the PSD. In the right part of the PSD characteristics, the characteristics in the range of the BPF (blade passing frequency) and its combinations with RSF and their harmonics are shown. All PSD characteristics received during rotating stall in compressors, with several types and numbers of blades, several frequencies of rotor rotation, several depths of sensor probes in flow and several sensors positions, have one common feature: they have the maxima of PSD in the left parts of PSD characteristics with only one large peak. Typical PSD characteristics of an axial compressor are shown in Fig.  6 . It should be noted that it also has only one large peak in the left part of all PSD characteristics that corresponds to the main RSF (Rotating Stall Frequency). The value of the peak with frequency of the second harmonic 2RSF is much smaller.
A comparison of frequency characteristics of pressure signals during experiments with rotating stall in the two variants of the compressor was carried out. In these compressor variants, only the installation angles of the rotor blades on the disk are different. All other assembly details are identical. The optimal angle of blade installation is in compressor type A. The installation angle 0° of compressor type B is 20° larger (Fig. 1 ). Compressor type B has a lower performance and stability (as shown in Fig. 2 ).
Frequency Characteristics and Autocorrelation Functions of Pressure Signals in Compressor Type B during Rotating Stall
The left parts of PSD characteristics (the range of the first harmonicas of RSF) during an unsteady operation of compressor for frequency of rotor rotation 66.67 Hz are very different from PSD characteristics of earlier investigated compressors (as in Fig. 6 ) and therefore are shown in Fig. 7 with a larger scale. The right parts of the PSD characteristics differ slightly from the right parts of PSD characteristics of compressor type A and therefore are not shown in Fig. 7 .
Unlike the usual cases (as in Fig. 6 ), the PSD characteristic in Fig. 7 has two maxima in the range of the first harmonics of RSF with relatively close frequencies: first frequency RSF1 = 26.46 Hz and second frequency RSF2 = 28.33 Hz.
Arithmetic average of frequency of rotating stall: AARSF = 0.5 (RSF1 + RSF2) = 27.4 Hz Difference between frequencies:
RSF2 -RSF1 = 1.87 Hz (or close to 2 Hz) In the theory of oscillations, the oscillations with the frequency characteristics as in Fig. 7 are named beats. The process of beating that occurs during rotating stall has not been previously reported in the literature and therefore it receives herewith more attention. Such unexpected results can appear because of two reasons:
(1) The compressor type B at rotor frequency of 66.67 Hz has two stall zones, rotating simultaneously with different, but close speeds;
(2) The compressor type B at rotor frequency of 66.67 Hz has only one stall zone which rotates simultaneously with two close frequencies. It is natural that at first our desire is to see the process in time. The signals of pressure sensors mounted on the compressor circle as in Fig. 3 are shown in Fig. 8 . At first sight there are no important differences between the pressure signals in Fig. 4 and Fig. 8 . Because of this, in Fig. 9 we have plotted the autocorrelation functions of compressor type B for rotor frequency 66.67 Hz during an established process of rotating stall. This characteristic allows to see the signals with its main frequencies in the range of RSF and to filter out components of the signals with other frequencies.
The characteristic in Fig. 9 also significantly differs from its comparable characteristics of compressor type A (with approximately linear change of oscillation amplitude with time) as can be seen in Fig. 5 . The amplitude in the autocorrelation characteristic in Fig. 9 varies nonlinearly with time. It is similar to the characteristic of the filtered process with two frequencies and beats in the system. The average period Fig. 10 is analogous to the auto-correlation characteristic shown in Fig. 9 . However, the PSD does not have the usual characteristics as during beating (two maxima, see Fig. 7) ; it is more complicated and includes a considerable quantity of components that 
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have smaller amplitudes. This case could also be attributed to beating, however not from only two components, but from more components of different but close frequencies.
Hence, we have received identical results using two methods (method of frequency characteristics and method of auto-correlation functions). However, yet we do not have a physical explanation concerning the source of the second frequency during rotating stall. Therefore for better reliability we wish to check this by means of one more method-the method of spectrogram. The basic advantage of the spectrogram method is the possibility to see variations of the frequency spectrum over time. (change of amplitudes and frequencies), including the inception of the rotating stall.
Use of the Spectrogram Method
In Figs. 13-17, time (in seconds) is shown on a horizontal axis and the frequencies of oscillations in Hertz-on a vertical axis; whereas lines' intensities changes depending on the amplitudes of oscillations. The spectrograms in Figs. 14-17 have two parts:
 The first parts of the spectrograms show process in the range of RSF;
 The second parts of the spectrograms show process in the range of BPF.
(1) Typical spectrogram of beginning and development of rotating stall for compressor type A is shown in Fig. 14. This process has the following features:
 It can easily be seen on the upper part of this figure (part A) that only one main frequency of rotating stall takes place during the beginning part of the process (transient process-short time interval 0.8-1.0 s). This main frequency of rotating stall considerably decreases in its beginning (approximately by a factor of 2 during time interval 0.8-1.0 s) and practically does not change during the rest of the process. It should be noted that such change of frequency at the beginning of the rotating stall was already noted by other authors [6, 8, 11] . Therefore in this work all auto-correlation functions and the PSD characteristics were built for the established rotating stall process (without noticeable change of RSF). It seems that no beats were not found in compressor type A, however, beats were found in compressor type B (as will be seen later), probably due to the different angles of blade installation;  It can be seen in the lower part of Fig. 14 (part B ) that before rotating stall only one high frequency, namely-blade passing frequency exists;  It can be seen in the upper part of the figure (part A) that only after the transient part of the rotating stall process, during time of the established rotating stall, the second harmonic of RSF and several combination frequencies take place in the compressor: BPF + RSF, BPF -RSF, BPF + 2RSF, BPF -2RSF. This phenomenon is rather interesting because the values of the frequencies BPF and RSF and also the amplitudes of the components of pressure oscillation in these frequencies differ significantly: BPF >> RSF, but the amplitude of the component at BPF is much less than the amplitude of component of pressure oscillation at RSF. This coincides with the PSD characteristics of axial compressor type A (Fig. 6) .
(2) Spectrograms of rotating stall process for compressor type B are shown in Figs. 15-17. These spectrograms were received for different RRF and different depths of sensors:
 Frequency of rotor rotation 66.67 Hz; depth of sensors 5 mm (Fig. 15) ;  Frequency of rotor rotation 75 Hz; depth of sensors 5 mm (Fig. 16);  Frequency of rotor rotation 75 Hz; depth of sensors 2 mm (Fig. 17) .
An important feature of rotating stall in compressor type B is the change of the main frequency of rotating stall during the part of process which is usually considered as the established part of rotating stall. However in the case of a process during which the main frequency varies, the mathematical processing of the pressure signal may result in a similar solution as that of beating. Such an erroneous interpretation was achieved while processing the signal using the PSD and the autocorrelation characteristics methods:
(a) Compressor type B; frequency of rotor rotation 66.67 Hz; depth of sensor 5 mm. It can easily be seen in the upper part of Fig. 15 that only one basic frequency of rotating stall exists in this process. However, this frequency is not constant after transient process; it changes in time! This change is the reason why the PSD characteristics of compressor type B at frequency of rotor rotation 66.67 Hz (Fig. 7) are observed as consisting of two basic frequencies of rotating stall and the autocorrelation function (Fig. 9 ) also has the shape identical to beats (it has a fluctuating amplitude). This means that the PSD characteristics can have two peaks and the autocorrelation characteristic can display fluctuating amplitude even from only one main frequency of rotating stall. Hence, the erroneous conclusion about the existence of beats can be made, when considering the main frequency of the rotating stall as a constant without additional checks; (b) Compressor type B; frequency of rotor rotation 75 Hz; depth of sensor 5 mm. The spectrogram in Fig.  16 indicates that at the beginning of the rotating stall (before the rotating stall becomes close to established, at time 1.7 s) there are two rotating stall frequencies (28.75 Hz and 38.3 Hz) simultaneously. These frequencies are not harmonics of one another, but refer among themselves (28.75:38.3 Hz) as whole numbers 3:4, i.e., they can mutually strengthen amplitudes of each other. After the moment of time 1.7 s, the two frequencies merge into one frequency that approximately equals 31.16 Hz. Thus beating takes place during a small interval of the transient process 1.5-1.7 s (not during an established rotating stall). The frequency with maximal value of amplitude, RSF, changes during the part of rotating stall close to the established process. This is visible in the upper part of the spectrogram of Fig. 16 after 1.7 s. Thus, if during the part of rotating stall process, that is close to the established (as is shown in Fig. 15 ), the effect that seems like beating is a result of signal processing by frequency methods or by auto-correlation, in the case of Fig. 16, beating Thus, real beating during the beginning of rotating stall can actually take place even though it originates from two frequencies with significant difference among themselves (∼ 20-30%), as seen in Fig. 16 (time interval 1.55-1.7 s); (c) Compressor type B; frequency of rotor rotation 75 Hz; depth of sensor 2 mm. The spectrogram is shown in Fig. 17 , the frequency characteristic in Fig.  11 and the correlation characteristics in Fig. 10 . This case is characterized by the change of frequency in time and interaction of several frequencies during the interval of the rotating stall process that is close to the established (during time interval 1.75-1.95 s). Therefore, the frequency characteristics and auto-correlation characteristics of pressure differs, depending on the time interval of the analysis.
Comparison of Fig. 16 (depth of sensor 5 mm) and Fig. 17 (depth of sensor 2 mm) shows that the spectrograms essentially depend on the depth of the sensor. Comparison of the spectrograms of sensors 1 and 3 having identical depth shows that they do not depend on the angle of probe installation.
Comments and Discussion
(1) The main reason for wrong interpretations and conclusions during analysis of dynamic processes may be due to the use of the following incorrect principle: If result of the phenomenon X always results in the Y phenomenon, it means that it has to be true also in the opposite direction, namely if the phenomenon Y takes place, this means that the phenomenon X also occurred. This principle is wrong as the result of Y may be caused due to other phenomena than the X phenomenon. (For example it is obligatory 2 × 2 = 4; however 4 can be not only as 4 = 2 × 2, but also as 4 = 2 + 2, 4 = 1 + 3, etc.);
(2) As a rule, all methods of information processing and their interpretations have their inherent restrictions. Usually, the methods developed for processes with constant parameters (for example-frequency) can also be successfully applied to processes with small varying parameters. Such approaches and interpretations are justified also in cases of varying frequencies conditioned that they give the correct result. However, it so happens that the frequencies (in the compressors) can vary noticeably in time. For example, the small changes of frequency that takes place during the part of rotating stall process that is close to the established; (3) If the rotating stall process is approximately close to established, both methods (PSD and correlation functions) will result in an identical erroneous interpretation of this process as beating, for the following reasons:
 The frequency characteristics (including PSD) show all frequencies for a certain time interval. If in the beginning of the process during this time interval, the frequency has a certain value ω 1 and in the end-another frequency value ω 2 , the frequency characteristic will contain both frequencies. If these frequencies are close to each other, the frequency characteristic may show two humps that would eventually be interpreted as at beats;  The autocorrelation function that is defined by integral:
 which shows links between the signal and the same signal however with time shift τ. If the signal at the time t has frequency ω 1 , and at time t + τ has frequency ω 2 , the integral will look like ( ) ( )
If these frequencies are close to each other, the autocorrelation function will result in a form as during beating (namely with variation of the amplitude in time); (4) During the great part of rotating stall process that is close to the established, no beating occurs in the pressure signals (there is only one dominant frequency). If as a result of information processing there are signs that correspond to beats, it would mean two nonrealistic phenomena:
 Or the two so called stall zones simultaneously rotate with different but close speeds;
 Or there is only one stall zone rotating simultaneously at two frequencies with close values.
However, we lack the physical explanation of these two phenomena;
(5) At the same time, experimental results (see Fig.  16 ) show that in the initial stage, during the transient process of establishing the rotating stall, beating or similar processes can take place (two frequencies exist simultaneously). It is possible to explain the initial stage of rotating stall in Fig. 16 as follows: The dynamic part of the compressor (as systems with the distributed parameters) can have not only one, but more natural frequencies (in our case-two). Therefore the transient process can begin not only in one of them, but also in both. However after the development of rotating stall, only one frequency will remain, which can different from any of the initial natural frequencies of the system; (6) Usually beating in system occurs if one of the two close frequencies is an externally forced (exiting) frequency and the second frequency is a natural frequency of the system. In the present study, as seen in Fig. 16 , there were no external forcing frequencies; therefore both frequencies are natural frequencies of the system. As the compressor is a system with distributed parameters, two and more of its own frequencies with exact ratios of whole numbers can take place. In the case of the process shown in Fig. 16 , rotating stall began with two initial frequencies (referred as exact ratios of whole numbers 3:4). However as the stall developed, they were transformed to only one frequency; (7) No changes in rotor rotational speed during rotating stall were noted. This can be seen in the spectrograms on Figs. 14-17, where the BPF (and therefore, the RRF) is constant throughout the whole process. Therefore changes of frequency of rotating stall during an unsteady process can only be attributed to properties (features) of rotating stall.
Conclusions
(1) In cases of interpretations of results gained by information processing beyond the applicability limits of the processing methods, one should be prepared to receive incorrect results.
(2) As an example, a real case of pressure oscillations during rotating stall in a compressor is described. Using processing methods of information, developed for processes with constant frequencies of oscillation, for the analysis of the process with varying frequency, i.e., outside its limits, has led to erroneous interpretation of the investigated process, as beating during established rotating stall.
(3) During the part of the rotating stall process that is close to the established, only one dominant frequency exists and therefore, there are no beats. At the same time, in the initial stage of rotating stall (during the transient process of establishing of rotating stall) beating or similar processes can be observed.
(4) The present investigation can be relevant and useful for other studies of nonlinear oscillations in other dynamic systems as well.
